Abstract -We have investigated electronic transport of few-layer graphene (FLG) connected to superconducting electrodes. The device is prepared by mechanical exfoliation of graphite. A small mesa of FLG is connected to two tungsten electrodes, separated by 2.5 µm, grown by focused ion beam. Whereas the tungsten electrodes are superconducting below 4 K, the proximity effect in FLG develops below 1 K, and is characterized by a factor 2 differential resistance drop at low bias. We find multiple Andreev reflection peaks at voltages corresponding to submultiples of 2∆/e (with ∆ the superconducting gap of the electrodes), which persist up to fields of a few tesla.
Introduction. -Transport properties of the graphene plane have recently received a lot of attention from both experimental and theoretical sides [1] [2] [3] [4] [5] . This is due to its 2D character and to its remarkable band structure, which combines a linear dispersion relation similar to that of massless particles and a perfect electron hole symmetry. The Fermi surface consists of two cones touching at one singular, so-called Dirac point, where the density of states is zero. In particular the physics at high magnetic field in the quantum Hall effect regime has been shown to exhibit spectacular signatures of this special band structure [4, 5] . The physics at low magnetic field also presents quite surprising features. In particular it was pointed out that weak localization which is the basic signature of quantum interference at the scale of the phase coherence length is strongly reduced in graphene [6, 7] . The physics of the superconducting proximity effect in SN (superconducting normal) and SNS structures is also known to be sensitive to quantum interference near the SN interfaces. In the case of graphene, it has been suggested theoretically that the Andreev reflection of an electron into a hole at the NS interface, which usually is a retro-reflection, can be specular with a high probability in undoped samples where the Fermi energy lies near the Dirac point [8, 9] . This is predicted to lead to an unusual bias dependence of the differential conductance of the SN or SIN interface [10, 11] (a) E-mail: bouchiat@lps.u-psud.fr as well as to multiple Andreev reflections in S/Graphene/S junctions [12] .
In this letter we show that it is possible to explore this physics by connecting graphene samples to superconducting electrodes, and investigate nonlinear transport at energy scales of the order of and below the superconducting gap.
Device fabrication. -We use the technique of mechanical cleavage (repeated peeling) of highly oriented pyrolytic graphite. This process is performed on an insulating layer of Al 2 O 3 above a silicon nitride layer on a silicon substrate. Few-layer graphene (FLG) films are spotted as a quasi-transparent film, both with optical and electron microscopy, compared with thicker graphite films which are not transparent ( fig. 1 ). In the case of electron microscopy, only the edges of the film can be distinguished. With this technique, it was possible to obtain samples a few microns wide. For contacts we use tungsten (W) wires (1 µm wide × 1 µm thick, 100 µm long) grown by decomposition of a metallo-organic vapor (tungsten hexacarbonil) under a Ga focused ion beam (FIB) with a diameter of about 5 nm and accelerating voltage 15 kV. The minimum distance between the W electrodes can be varied from 0.5 to a few microns. The advantage of this technique, compared to the deposition of electrodes using standard lithography, is that it does not involve any deposition of an organic resist on the graphene layers. The tungsten wires grown by FIB at 57008-p1 Ga ion current of the order of or above 10 pA are all superconducting with a critical temperature of 4.3 ± 0.2 K and a critical magnetic field H c larger than 5 T at 1 K. Remarkably, we find that these superconducting parameters are reproducible, as checked on more than ten wires grown under the same conditions, and independently of their geometry. T c is that of amorphous tungsten [13] but H c is higher because of a large concentration of impurities. Auger analysis has shown that FIB-deposited tungsten contains about 10% Ga, 10% C, and 5% O [14] . The normal state resistivity of the wires is of the order of few µΩm, which corresponds to an elastic mean free path of the order of 10 nm and a superconducting coherence length of the order of 20-30 nm. These W nanowires thus constitute superconducting electrodes whose properties are quite interesting for the study of the proximity effect at the nanoscale since they combine large critical temperature and critical field. They offer in particular the unusual possibility to investigate the proximity effect at large magnetic fields. We have previously used W electrodes grown by the same technique to investigate proximity-induced superconductivity in suspended metallo-fullerenes molecules [15] .
The exact number of layers of the sample (shown in fig. 1 ) was difficult to determine due to contamination by insulating amorphous carbon clusters doped with Ga deposited during the focused-ion-beam (FIB) growth process 1 . Atomic force microscopy measurements established that the thickness was less than 2 nm. Moreover, samples with similar optical characteristics were investigated by Raman spectroscopy (as in ref. [16] ) and found to 1 The insulating character on the contamination layer was checked by depositing similar electrodes on parts of the substrate without any FLG film. have less than seven layers. The smallest distance between the W electrodes in the W/FLG/W junction was 2.5 µm.
Transport measurements. -Two terminal transport measurements were performed via filtered lines in a dilution refrigerator of base temperature 60 mK. The sample was in most cases current biased with a small ac current (frequency 37 Hz) of the order of 0.1 nA superimposed to a dc component for differential resistance measurements. Figure 2 shows the temperature dependence of the zerobias resistance. Starting from a room temperature resistance of 1.8 kΩ, it increases logarithmically to 5.2 kΩ as the temperature is lowered down to 1.8 K. This resistance of 1.8 kΩ is close to the maximum square resistance observed in undoped graphene by other groups [4, 5] . However, those experiments were performed with larger and probably better transmitting contacts, which may explain why no temperature dependence was noted between 100 K and 4 K. The proximity effect (PE) appears below T * c = 1.7 K as indicated in the main panel of fig. 2 , as a smooth decrease of the junction resistance by a factor of two. The resistance does not however reach zero at low temperature. The observation of a resistance drop at temperatures lower than the transition temperature of the contacts is not surprising since the PE is known to develop when both the thermal length L T and the phase coherence length become of the order of the sample size. In the present case the length of graphene between the superconducting electrodes is much greater than the superconducting coherence length ( D/∆) (where D is the diffusion constant in graphene and ∆ is the W superconducting gap), which places the sample in the long junction limit.
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Proximity effect and multiple Andreev reflections in few-layer graphene We now turn to the differential resistance at finite voltage. We first concentrate on T > T * c where there is no sign of proximity effect. The current-voltage curves are not linear up to 150 K as shown in fig. 3 , where the bias dependence of the differential conductance dI/dV at different temperatures is plotted. It exhibits a minimum at zero bias and a triangular shape which is sharper below 30 K. This behaviour is related to the characteristic linear dependence of the density of states N (E) around the Fermi energy E F : indeed if the two S/FLG contacts are identical and have small transparency, the main fraction of the voltage drop occurs at the two contacts in a symmetrical way, and the differential conductance is proportional to N (E F + eV /2) + N (E F − eV /2). It is independent of bias between −|E F − E 0 | and +|E F − E 0 |, where E 0 is the Dirac point. The relatively low transparency of the contacts is probably due to the etching of the graphene foil below and around the tungsten wires by the FIB. The nonzero value of G(0) is probably related to the nonzero conductance minimum found for gated samples [4, 5] . One can also infer from this data and its temperature dependence that the Fermi energy of the FLG sample is no more than 10 meV away from the Dirac point. We cannot however exclude inhomogeneous doping of the FLG in the vicinity of the electrodes. Below 10 K, a logarithmic low-bias anomaly shows up, analogous to the conductance decrease with temperature of fig. 2 . Such a low-energy logarithmic singularity in the density of states of graphene has been recently theoretically predicted [17] .
Below 1 K, the differential conductance exhibits sharp features at voltages below 2∆ = 1.6 meV, where ∆ = 1.76 k B T c is the BCS value of the superconducting gap of the W wires with T c = 4 K. Since the W electrodes themselves exhibit resistance anomalies above 1 mA, far beyond the maximum bias current used in these experiments, we can safely attribute the sub-gap features to the proximity effect through the FLG. Figure 4 depicts the differential resistance at low temperature at low voltage. A sharp dip is observed at zero bias but no Josephson current could be detected. This is probably due to the rather large distance between the W electrodes compared to the phase coherence length in graphene, which has been found in other experiments [9] not to exceed 1 µm. At finite bias we observe a series of peaks in the differential resistance. The position of two of them can be identified as 2∆/e and 2∆/2e, implying that they correspond to subgap multiple Andreev reflections (MAR) [18, 19] . MAR are known to show up either as peaks or dips in the differential resistance, depending on the transmission of the SNS junction, its length, and the temperature. We note the unusually large intensity of the peak at 2∆/2e which is moreover split, compared to the peak at 2∆/e. Such a splitting of subgap anomalies was already observed in SNS junctions made with doped GalAs systems connected to superconducting electrodes [20] but no explanation of this effect has to this day emerged. In the present case one could argue that the two W electrodes connecting the FLG may have two different gaps ∆ 1 and ∆ 2 , respectively equal to 0.95 and 0.75 meV, leading to anomalies at voltages corresponding 57008-p3 to ∆ 1 + ∆ 2 = 1.7 mV for the first Andreev reflexion, ∆ 1 and ∆ 2 for the second, and (∆ 1 + ∆ 2 )/3 for the third reflexion. The three peaks at 1.65, 0.95 and 0.75 mV could be explained in this way, but the fourth peak at 0.45 mV differs significantly from the expected value (∆ 1 + ∆ 2 )/3 = 0.63 meV. An alternative explanation would be the existence of a reduced gap ∆ = 0.45 meV, slightly above ∆/2, induced in the FLG near the W electrodes where the doping is strongest. This could explain a more pronounced anomaly in the differential resistance at 2∆ compared to the smoother peak at 2∆, and the apparent splitting of the peak at ∆ ∼ 2∆ (see figs. 4 and 5) . The peaks at lower bias would then correspond to submultiples of 2∆ , that is 2∆ /2 and 2∆ /3. More experiments are needed with different doping levels of the FLG to confirm or infirm this last possibility.
The intensity of these peaks is reduced with increasing temperature up to 1 K and their positions are shifted to lower bias above 0.5 K, with a temperature decay faster than expected from the gap (or gaps) of the electrodes: indeed, if the electrodes followed BCS theory their gaps would only decrease above 1.5 or 2 K. On the other hand, the existence of a reduced gap in the FLG as discussed above could explain this temperature dependence.
We have also investigated the effect of a magnetic field perpendicular to the FLG sheet. As shown in fig. 5 , the field dependence of the peaks takes place on the Tesla scale. The position of the highest energy peak first increases and then decreases and merges with the second peak at 2 T. The position of the other peaks decreases monotonously. Another interesting behaviour is that of the conductance at zero bias: it goes from being a local minimum in bias at zero field (as expected for the proximity effect) to a local maximum around 3 T, then back to a local minimum at 4 T. Since any interference effect on the micron length scale would yield a field dependence on the 1 mT scale, the observed high-field scale confirms the incoherent nature of the transport of Andreev pairs through the FLG junction. The length L of the junction therefore probably verifies L 2∆ < L < Lφ, where L 2∆ is the inelastic scattering length at the energy 2∆ and Lφ is the phase coherence length. Since the critical field of the W wire is much larger than 5 T at 60 mK (the maximum field available in this experiment), a possible explanation for the field dependence of the peak characteristic energies in our experimental results, as well as the oscillating behaviour of the zero-bias conductance, could be the defocusing of Andreev pair trajectories by a magnetic field such that the cyclotron radius corresponds to the distance between the electrodes.
Conclusion and perspectives. -We have shown evidence of the proximity effect in an undoped few-layergraphene foil connected to superconducting tungsten electrodes. Besides the drop of resistance by a factor two at low temperature we have observed above 10 K a linear voltage bias dependence in the differential conductance which can be related to the band structure of graphene. In addition, the low-temperature differential resistance exhibits peaks at submultiple values of twice the superconducting gap of tungsten electrodes. These are understood as the signature of incoherent multiple Andreev reflections in the S/FLG/S junction and could be observed up to high magnetic field (in the Tesla range). A systematic investigation of this effect for various distances between the W electrodes and different values of doping is in progress for a deeper understanding of the physics of conversion of Cooper pairs into electron hole pairs in graphene.
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